ABSTRACT: The Mariana Arc of submarine volcanoes has recently been the site of an international, interdisciplinary study into the structure and function of the associated hydrothermal systems. A broad size range of juvenile alvinocaridid shrimp, Opaepele loihi and Alvinocaris sp. M (diagnosis in preparation by R. Webber), were collected from active sites on NW Rota-1 and NW Eifuku volcanoes. Fatty acid biomarkers and stable isotopes of carbon and nitrogen revealed a photosynthetic signal in small juveniles of both species, probably acquired during a pelagic larval phase. Size-related changes in the fatty acid composition of both species indicated a dietary switch from pelagic feeding on photosynthetic material to ingestion of bacteria at vent sites after settlement. This is especially true for O. loihi, where carbon isotopic signatures implied ingestion of bacteria with form II RuBisCo. Juvenile Alvinocaris sp. M also appear to have eaten bacteria, although probably those with form I RuBisCo; detritus may also feature in their diet at an early stage. With increasing size, the fatty acid and isotopic composition of Alvinocaris sp. M implied a lesser dependence on bacterivory and a possible switch to carnivory. Generally, Alvinocaris sp. M and O. loihi are more similar in their biochemical composition to opportunistic alvinocaridids than to strict bacterivores. We suggest that as juveniles both species rely to varying degrees on bacteria and that opportunism and scavenging are likely sources of nutrition in older individuals.
INTRODUCTION
Alvinocaridid shrimp (Infraorder Caridea, Family Alvinocarididae), which include the genera Alvinocaris, Chorocaris, Mirocaris, Nautilocaris, Opaepele, Rimicaris, and Shinkaicaris, are endemic to hydrothermal vents and cold seeps (Martin & Haney, 2005) . Including the many undescribed species that have been reported, there are currently ~27 species of alvinocaridids at hydrothermal vents, over half of which belong to the genus Alvinocaris (Martin & Haney 2005) . While many aspects of the alvinocaridid life cycle are uncertain, it is reasonably clear that sedentary adults, found only at the vents themselves, release eggs or migratory larvae into the water column; juveniles later return to vents and settle, grow to sexual maturity, and reproduce (Allen et al. 1998 ).
Much of our knowledge of adult alvinocaridid trophic ecology stems from analysis of shrimp from the MidAtlantic Ridge (MAR), where the feeding habits of Rimicaris exoculata, Alvinocaris markensis, Mirocaris fortunata and Chorocaris chacei have been described (Van Dover et al. 1988 , Pond et al. 1997a ,b, 2000 , Allen et al. 1998 , Polz et al. 1998 , Vereshchaka et al. 2000 . At MAR vent sites, alvinocaridid shrimp exist along a trophic continuum with respect to their feeding strategies. At one end is primary grazing of bacterial episymbionts (R. exoculata) and at the other is opportunism and scavenging (A. markensis, M. fortunata) . C. chacei occupies an intermediate position since it gains nutrition from its episymbionts and can also feed as a scavenger .
Considerably less is known about the trophic ecology of alvinocaridids at vent sites in the Pacific and Indian Oceans, as large areas remain unexplored and few studies have been undertaken. Most of the published work involves determination of stable isotope compositions in shrimp with episymbionts: Chorocaris vandoverae (Van Dover & Fry 1989) and Rimicaris kairei (Van Dover 2002) are primary consumers of episymbiotic bacteria on the Mariana Back-Arc Basin (western Pacific Ocean) and at the Rodriguez Triple Junction (Indian Ocean), respectively. Thus far, only one study has looked at the biogeography and ecology of non-symbiotic alvinocaridids in the Pacific Ocean, on the Mariana Arc (Tunnicliffe et al. unpubl. data) .
The Mariana Arc consists of a series of shallow submarine volcanoes along the western edge of the Pacific Plate (~12°N to 24°N, ~142°E to 146°E). Opaepele loihi and Alvinocaris sp. M (diagnosis in preparation by R. Webber) were collected on NW Rota-1 and NW Eifuku volcanoes during extensive biological sampling in 2004. Throughout this period, both NW Rota-1 and NW Eifuku seamounts were highly active hydrothermally and NW Rota-1 also showed intensive, sustained volcanism (Embley et al. 2006) . Trophic studies at active sites on NW Rota-1 and NW Eifuku have shown that the severe habitat conditions give rise to speciespoor communities with simple food webs and dominance by mobile species, including alvinocaridid shrimp . Since the 2004 sampling season, O. loihi and Alvinocaris sp. M have been found at 3 other seamounts on the Mariana Arc (Nikko, Forecast and Seamount X, Tunnicliffe et al. unpubl. data) .
The analysis of naturally occurring biomarkers has facilitated the study of feeding ecology in harsh, remote hydrothermal vent environments. Fatty acid biomarkers have been useful in elucidating trophic connections among vent organisms (e.g. Fullarton et al. 1995 , Kharlamenko et al. 1995 , Pranal et al. 1996 and in showing how specific dietary components change with life history in alvinocaridids (Pond et al. 1997a , Allen et al. 2001 ). Relative to organisms from ecosystems based on photosynthesis, vent animals are rich in fatty acids of bacterial origin, reflecting the chemosynthetic nature of these food webs. Bacterial fatty acids include odd-numbered and/or branched chains, 16-and 18-carbon ω7, ω8 and ω9 monounsaturates, and ω4 dienes (Pranal et al. 1996 , Pond et al. 1997b , Zhang et al. 2005 . Bacterial feeding indices based on levels of these fatty acids in consumer tissues can then be used to determine relative degrees of bacterivory. To obtain accurate estimates of invertebrate diets, researchers should use multiple fatty acids simultaneously, focus on the composition of neutral lipid, and collect data during periods of active feeding and growth (Dalsgaard et al. 2003 , Stübing & Hagen 2003 . Neutral lipids of consumers generally reflect the composition of assimilated food, while polar lipids, serving a more structural function, have specific fatty acid quotas and more rigid compositions (Lee et al. 1971) . Stable isotopes have been successfully used with fatty acids in hydrothermal vent food web studies (Pond et al. 1997a . These 2 methods are complementary and together yield information that may be missed using either analysis alone (Nyssen et al. 2005) . One trophic level has been equated to an enrichment of + 0.4 ‰ in 13 C and of + 3.4 ‰ in 15 N between predator and prey tissues (Post 2002) .
In this article, we present fatty acid and stable carbon and nitrogen isotopic compositions of Opaepele loihi and Alvinocaris sp. M from NW Eifuku, and O. loihi from NW Rota-1. As juveniles of many different sizes were collected, we explore dietary changes over the post-settlement period of these 2 species. Our data on ontogenetic changes in diet and feeding strategy shed light on how these species meet their energetic needs on the Mariana Arc and we compare these data to those of their congeners on the MAR.
MATERIALS AND METHODS
Field sampling. Samples were collected in March and April 2004 aboard the RV 'Thomas G. Thompson' as part of the Submarine Ring of Fire expedition to the Mariana Arc. Shrimp samples were taken with a suction sampler coupled to the remotely operated vehicle 'ROPOS' at submarine volcanoes NW Rota-1 (14°36.05' N, 144°46.56' E) and NW Eifuku (21°29.26' N, 144°02.49' E) (Fig. 1, Table 1 ). All sampling sites at NW Rota-1 (at Shimmering Vent and near Gastros) were on the central peak, which was charac-terized by sustained volcanic activity and diffuse hydrothermal venting . The 2 sampling sites at NW Eifuku (at Champagne and near Fouling) were characterized by intense diffuse and focused hydrothermal flow . The Champagne site was characterized by several white smokers and seafloor vents emitting fluids supersaturated with CO 2 . Descriptions of the biological communities at these sites are found elsewhere . Sorting of faunal samples took place on board and shrimp were provisionally identified to species and then frozen individually in aluminum foil. Northwest of the active peak on NW Rota-1, particulate matter from an altitude of 30 m was concentrated onto a 142 mm GF/F filter by McLane pump (1250 l). Using a CTD-rosette, water was collected at 100 m and 13 l was filtered onto a 47 mm GF/F; one half was analysed for isotopes, the other half for lipids. Detritus from NW Rota-1 was collected using the 'ROPOS' suction sampler and meiofauna were removed in the laboratory before biochemical analysis. All other end-member data (i.e. potential food sources of shrimp) reported in this study (see Fig. 4 ) are from and . Samples were stored at -80°C before analysis.
Stable isotope analysis. In the laboratory, shrimp species identifications were verified using rostrum shape and structure, and total length (telson to tip of rostrum) measured for each (Table 1) . Exoskeleton from the abdomen was removed and a sample of muscle was taken. All analyses were performed on tissue from individual shrimp and the unused material was refrozen at -80°C. Shrimp tissue samples and filter pieces with particulates were acidified in glass vials with 0.1 N HCl to remove carbonates, rinsed once with Milli-Q water, and dried at 55°C for 24 h. Stable carbon ( 13 C/ 12 C) and nitrogen ( 15 N/ 14 N) isotopic ratios were measured using a Micromass Isoprime isotope ratio mass spectrometer, in line with a Carlo Erba C/N element analyzer. Stable isotopic compositions are reported relative to Vienna Pee-Dee Belemnite and atmospheric nitrogen. Before isotopic analysis, C:N ratios of detritus were determined to ascertain the mass of material needed; aliquots of detritus were acidified and rinsed directly in thick, smooth-walled tin capsules and carbon and nitrogen isotopes were measured separately. General linear models (simple linear regression) to describe relationships between shrimp isotopic composition and size were produced using Statistica 5.5A. To describe the fit of the regression model to our isotopic data, we used the 'adjusted' r 2 . 'Adjusted' r 2 values are more conservative than 'raw' r 2 ('adjusted' r 2 ≤ 'raw' r 2 ), because they take into account the number of observations in the model. Lipid analysis. Remaining shrimp tissues were placed in separate tubes containing 2 ml chloroform, flushed with N 2 , sealed with Teflon tape and stored at -20°C until analysis. The shrimp were ground with a metal rod and lipids were extracted according to Parrish (1999) . Total lipid extracts were applied to silica gel columns (~0.8 g, 100-200 mesh) that had been activated at 100°C for 1 h. Following Budge & Parrish (2003) , neutral lipids were eluted with 8 ml chloroform: Lipid fractions were derivatized using BF 3 -methanol (1.5 h, 85°C) and fatty acid methyl esters (FAME) were analyzed by flame-ionization detection on an Agilent Model 6890N gas chromatograph (GC) equipped with a DB5 column (30 m × 0.32 mm × 0.25 µm). Helium was the carrier gas and the column was programmed as follows: 100°C (hold 1 min), 214°C at 4°C min . Many fatty acids could be identified using the commercial standards '37-Component,' 'PUFA No. 1' and 'Bacterial Acid Methyl Esters' (Supelco, SigmaAldrich). Further fatty acid characterization was performed using pentafluorobenzyl (PFB, Suhr et al. 2003) and picolinyl esters (Christie 2003) . FAME were first separated into saturates, monounsaturates, dienes, and polyunsaturates by argentation high-performance thin-layer chromatography . The PFB and picolinyl esters were analyzed on a Thermo Finnigan GC/MS equipped with a wax column (Restek Stabilwax column, 30 m × 0.25 mm × 0.25 µm). (Tables 2 & 3 , last row). In specimens ≤25 mm, PUFA accounted for ~21 to 65% of the neutral fatty acids and the dominant PUFA was invariably 22:6ω3, ranging from 7.4 to 26.2% across both sampling sites. The PUFA 20:4ω6, 20:5ω3 and 22:5ω6 were also dominant in shrimp ≤25 mm, while 22:4 and 22:5ω3 were less abundant, constituting < 3%. The sizerelated decrease in proportions of PUFA in O. loihi corresponded to an increase in 3 bacterial feeding indices ( Fig. 2B-D) . Specifically, relative levels of ω7 monounsaturated fatty acids (MUFA) increased, namely the sum of 16:1ω7 and 18:1ω7 (Fig. 2B ). For shrimp > 25 mm, these 2 fatty acids together accounted for at least 30% of the neutral fatty acids. Also, as total length increased, so did the sum of the dienes 16:2ω4 and 18:2ω4 (Fig. 2C) . Proportions of total odd and/or branched fatty acids (OBFA) also increased weakly with size (Fig. 2D) . The polar lipid fraction of the 2 largest specimens (31.2 and 35.8 mm) was rich in PUFA, particularly 20:4ω6, 20:5ω3 and 22:6ω3, compared to the PUFA-poor neutral lipid in these samples (Tables 2  & 3 , last 2 columns). NW Rota-1: Stable isotopes. Juvenile Opaepele loihi had highly variable isotopic compositions, which were related to size (Fig. 3A,B) . Individuals > 25 mm, collected at both Shimmering Vent and near Gastros, were generally more enriched in 13 C and 15 N than shrimp ≤25 mm. O. loihi ≤25 mm exhibited a wide range of δ 13 C values (-21.7 to -10.1 ‰) and δ 15 N values (6.6 to 10.6 ‰). There was a significant positive rela-230 tionship between δ 13 C level and total length for O. loihi ≤25 mm (adjusted r 2 = 0.27, p = 0.01, n = 19), but no analogous relationship for shrimp > 25 mm (adjusted r 2 = 0.04), where mean δ 13 C was -12.1 ‰ ± 1.4 ‰ SD (n = 14) (Fig. 3A) . There was also a significant positive relationship between size and δ 15 N values for O. loihi ≤25 mm (adjusted r 2 = 0.57, p < 0.01, n = 19), but no such relationship was found for individuals > 25 mm in length (adjusted r 2 = 0.00) (Fig. 3B ). Mean δ 15 N for O. loihi > 25 mm was 10.5 ‰ ± 0.3 ‰ (n = 14). Bacterial mats, as well as detritus from Shimmering Vent, were considerably more depleted in 13 C than the majority of the O. loihi samples (Fig. 4) . One small O. loihi individual (16.3 mm) had a carbon isotopic signature that matched those of the 2 particulate samples and that of a detritus sample from Gastros. However, almost all O. loihi were more enriched in 13 C than any of the potential food sources sampled. NW Eifuku: Lipids. Juvenile Opaepele loihi ranged in total length from 17.8 to 28.9 mm at the Champagne site on NW Eifuku while near Fouling, Alvinocaris sp. M were between 17.0 and 36.0 mm (Table 1) . O. loihi and Alvinocaris sp. M both showed a strong ontogenetic loss in relative amounts of PUFA in neutral lipid ( Fig. 2E ; Tables 4 & 5). Again there was a threshold size above which PUFA content fell sharply, in this case ~22 mm. As at NW Rota-1, the most abundant PUFA was 22:6ω3, ranging from 4.1 to 21.0% of the neutral fatty acids in shrimp of both species ≤22.3 mm. The fatty acids 20:4ω6, 20:5ω3 and 22:5ω6 were also relatively abundant in the small shrimp. As shrimp length increased, so did relative amounts of ω7 MUFA, ω4 dienes and OBFA (Fig. 2F-H) . In Alvinocaris sp. M, however, relative amounts of ω7 MUFA appeared to level off above 30 mm (Fig. 2F) and for a given size, ω4 diene levels were always lower compared to O. loihi . No adults of either species -which can exceed 5 cm from eye to telson -were analyzed in this study. The exact transition size between juveniles and adults is unknown, but it is > 4 cm (eye to telson; V. Tunnicliffe pers. comm.) from the Champagne site (Fig. 2G) . The largest Alvinocaris sp. M specimen (36.0 mm) had a PUFA-rich polar lipid fraction, compared to the neutral lipid that was depleted in PUFA (Table 5 , last 2 columns). Polar lipids were particularly rich in 20:4ω6, 20:5ω3 and 22:6ω3. The difference in relative amounts of PUFA between neutral and polar lipid fractions was more obvious in Alvinocaris sp. M than in O. loihi from NW Rota-1. Also, the polar lipid in this specimen was quite poor in 18:1ω7 and was characterized by the lowest relative amount of this fatty acid in any sample in this study (2.8% of the polar fatty acids).
RESULTS

NW
NW Eifuku: Stable isotopes.
Both juvenile Alvinocaris sp. M and Opaepele loihi generally became more enriched in 13 C and 15 N with increasing size, the latter species almost always more enriched in the 2 isotopes than the former (Fig. 3C, D) . Small Alvinocaris sp. M (≤22.3 mm) were quite depleted in 13 C, with δ 13 C levels ranging between -26.9 and -21.3 ‰; δ 15 N ranged from 4.6 to 7.3 ‰. In the larger Alvinocaris sp. M (> 22.3 mm), δ 13 C levels ranged between -24.2 and -16.0 ‰ and δ 15 N from 6.0 to 7.9 ‰. There was a strong positive relationship between total length and δ 13 C levels in Alvinocaris sp. M > 22.3 mm (adjusted r 2 = 0.81, p = 0.02, n = 5), and between size and δ 15 N (adjusted r 2 = 0.69, p = 0.05, n = 5), although the latter was not significant at α < 0.05. For Alvinocaris sp. M ≤22.3 mm, isotopic composition was not related to size (adjusted r 2 = 0.00); mean δ 13 C was -24.0 ‰ ± 2.2 ‰ δ 13 C (‰) -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 δ (n = 6) and δ 15 N, 5.9 ‰ ± 1.0 ‰ (n = 6). It was not possible to perform regression analyses between isotopic composition and size for PUFA-rich and PUFA-poor (≤ or > 22.3 mm) O. loihi from NW Eifuku, as there were too few samples. In general, the isotopic composition of O. loihi from NW Eifuku was very similar to that at NW Rota-1. Near Fouling, some of the Alvinocaris sp. M ≤22.3 mm had δ 13 C signatures within the range of levels measured in detritus, and had similar carbon isotopic values to particulates collected near the sea floor (Fig. 4) . Two of the other small specimens (17.0 and 22.3 mm) had δ 13 C signatures of ~-22 ‰. Alvinocaris sp. M > 22.3 mm were more enriched in 13 C than any of the potential foods. At Champagne, detritus was more depleted in 13 C than O. loihi, while a white bacterial mat had a similar δ 13 C signature.
DISCUSSION
Diets of alvinocaridid larvae -extrapolation from small juveniles
Small Opaepele loihi and Alvinocaris sp. M juveniles were rich in PUFA, as has been reported for postlarvae and juveniles of MAR alvinocaridids (Pond et al. 1997a , Allen et al. 1998 . Published isotopic data on alvinocaridid juveniles corroborate the lipid data, showing that migratory postlarvae feed on material derived from pelagic photosynthesis (Polz et al. 1998 , Vereshchaka et al. 2000 , Van Dover 2002 . Moreover, some of the smallest shrimp of both species in this study had isotopic values in the range of those 233 expected given a photosynthetic origin (i.e. δ 13 C: -22 ‰, δ 15 N: ~7 ‰, Gebruk et al. 2000) . The dispersal phase of alvinocaridids has been widely observed, as postlarvae have been found at midwater depths above most vent sites at which adults are present (discussed by Herring 2006) . Shrimp may adopt this dispersal strategy to obtain the PUFA essential for growth and development , and to promote genetic diversity and colonize new vents (Tyler & Young 2003) .
We propose that the observed decrease in proportions of PUFA in Opaepele loihi and Alvinocaris sp. M represents gradual biochemical changes associated with a switch from planktonic feeding by postlarvae to feeding by settled juveniles at the vent sites. This is especially clear in O. loihi from NW Rota-1, where shrimp ≤25 mm showed significant 13 C and 15 N enrichment with increases in total length, whereas there was no analogous relationship for those > 25 mm. Relationships between δ 13 C and δ 15 N and size were less clear in small Alvinocaris sp. M juveniles from NW Eifuku (≤22.3 mm), perhaps due to a more varied diet (discussed below). The ontogenetic patterns observed in our work may represent the switch from food depleted in 13 C (phytoplankton) to the more 13 C enriched chemoautotrophic bacteria thought to form the base of the food web at many vent sites (sensu Van Dover 2002) .
All alvinocaridid juveniles analysed so far, including Opaepele loihi and Alvinocaris sp. M, contain significant amounts of 22:6ω3 and 20:5ω3 (Pond et al. 1997a , Allen et al. 1998 . Such a lipid composition suggests a larval diet rich in phytoplankton, including diatoms and flagellates (Dalsgaard et al. 2003) . However, the water column in the vicinity of the Mariana Arc is frequently oligotrophic and dominated by picoplankton (< 2 µm) such as heterotrophic bacteria, cyanobacteria, procholorophytes and picoeukaryotes (Yamaguchi et al. 2002) . With the exception of some prymnesiophytes and ciliates > 2 µm (Pond & Harris 1996) , fatty acids in these planktonic groups generally contain small amounts of the main PUFA found in our small shrimp juveniles (Viso & Marty 1993) . Furthermore, particulate matter over the summit of NW Rota-1 (100 m) was dominated by 16:0 and 18:0 fatty acids (27 and 55% of the total, respectively), with only small contributions (<1%) from 22:6ω3 and 20:5ω3 (data not shown), which indicates oligotrophy. Although we can say little with such limited planktonic sampling around the Mariana Arc, this region of the Pacific is generally characterized by weak seasonal cycles and low abundances of phytoplankton and mesozooplankton (Limsakul et al. 2002) .
How then do we account for the apparent mismatch between PUFA accumulation in larval shrimp and the low abundances of these compounds in the pelagic zone for much of the year? One explanation is that alvinocaridids are capable of intense PUFA sequestration as larvae. They likely feed on the available plankton, either in the photic zone or at hydrothermal plume depth, where descending material, lipid-rich ascending particles, and zooplankton accumulate (Cowen et al. 2001) , and amass the PUFA essential for structural and reproductive purposes. Embryos of non-vent shrimp preferentially conserve PUFA and use MUFA to fuel early growth and development (Morais et al. 2002) . Such conservation of PUFA presumably buffers shrimp against the paucity of PUFA at vent sites. It has also been suggested that bacteria at hydrothermal vents are capable of synthesizing PUFA and could represent a local source (Pond et al. 2002) . Some bacteria can produce PUFA in large quantities (Nichols & McMeekin 2002) , but there is no evidence that these strains grow at vents. Moreover, stable isotope measurements of individual PUFA in alvinocaridid juveniles reflect a photic zone origin (Pond et al. 1997a (Pond et al. , 2000 . We therefore assert that the PUFA found in the small juvenile shrimp in this study is dietary and originated during a migratory pelagic larval phase.
Diets of settled alvinocaridid juveniles
At the vent sites on NW Rota-1, Opaepele loihi juveniles are probably eating bacteria. This is apparent in the neutral lipid data, as proportions of Σω7 MUFA, Σω4 dienes, and ΣOBFA increased with size, and PUFA proportions decreased as the photosynthetic signal was gradually lost. Microbial mats from gas hydrates are composed almost entirely of 16:1ω7 and 18:1ω7 (Zhang et al. 2005) . OBFA have been used to indicate a broad bacterial diet in hydrothermal vent gastropods (Pranal et al. 1996) ; increases in these fatty acids in shrimp tissues may signify the ingestion of diverse microbial products at vent sites. The fatty acids 16:2ω4 and 18:2ω4 also have a bacterial origin, as both may be synthesized by bacteria via desaturation and chain elongation of 16:1ω7 (Pond et al. 1997b) . However, bacterial feeding indices, in particular Σω4 dienes, are lower in O. loihi than in MAR shrimp that graze primarily on their episymbionts (Pond et al. 1997b) . This difference suggests that O. loihi may be less dependent on bacteria than symbiotic MAR species; on occasion O. loihi adults were observed scavenging dead fish (Tunnicliffe et al. unpubl. data) .
The isotope data also suggest a primarily bacterivorous feeding mode for juvenile Opaepele loihi at NW Rota-1, with δ 13 C values levelling off at about -12 ‰ in the larger individuals (> 25 mm). As in MAR shrimp with episymbionts , the isotopic composition of O. loihi is consistent with a diet based on bacteria containing form II RuBisCo, which fractionates CO 2 to a lesser degree ('-11 ‰ group') than form I RuBisCo ('-30 ‰ group') (Robinson & Cavanaugh 1995) . However, the bacterial mats abundant at vents generally have depleted carbon signatures, more consistent with form I RuBisCo . A mat sample from NW Rota-1 is too depleted in both isotopes (δ 13 C: -27.6 ‰, δ 15 N: 1.5 ‰) to represent a primary food source to O. loihi. It is unlikely that O. loihi eats detritus, as this potential food item is also too depleted in 13 C. Similar observations in this and other vent systems have led researchers to invoke a missing end member, one with δ 13 C values of -10 to -15 ‰ and a δ 15 N of -1 to 5 ‰ (Van Dover 2002, ). have suggested that high turnover rates of 13 C-enriched organic material greatly limits in situ accumulation and effectively precludes the sampling of the chemosynthetic end member responsible for the enriched isotopic compositions of many vent fauna.
Opaepele loihi at NW Eifuku had a neutral lipid composition very similar to O. loihi on NW Rota-1; these 2 populations are probably feeding on similar types of bacteria. Detritus from the Champagne site was too depleted in 13 C and 15 N to be an important food source to O. loihi, but a white bacterial mat had a very similar δ 13 C value of ~13 ‰. This sample could represent a bacterial mat with form II RuBisCo that may also feature prominently in the food web on NW Rota-1. It is unfortunate that we cannot take this argument further, as the mat sample was too small to permit a δ 15 N measurement. Furthermore, the vent fluid at Champagne was unusual in that it was supersaturated with CO 2 . Such conditions may affect the fractionation of CO 2 , making it difficult to identify the dominant form of RuBisCo present (discussed in .
There were a few key differences in the lipid profiles of Alvinocaris sp. M and Opaepele loihi at NW Eifuku. Relative amounts of ω7 MUFA seem to decrease in larger Alvinocaris sp. M individuals, and ω4 levels were always lower in this species relative to O. loihi. The polar lipid fraction of the largest Alvinocaris sp. M sampled (36.0 mm) was particularly poor in 18:1ω7 and rich in 18:1ω9, as compared to O. loihi polar lipids. These observations suggest a lesser dependence on bacteria for Alvinocaris sp. M and the in situ distribution of the 2 species corroborates this idea. O. loihi is usually found actively foraging on areas of vigorous hydrothermal discharge and substantial bacterial mat growth, where it grazes on bacterial filaments, while Alvinocaris sp. M prefers rock outcrops or mussel beds with diffuse flow (Tunnicliffe et al. unpubl. data) . Unfortunately, adults were very difficult to sample. We would expect to see stronger differences in fatty acid composition with age, since field observations indicate that Alvinocaris sp. M becomes more carnivorous and aggressive, whilst O. loihi probably continues primarily as a grazer of bacterial filaments (Tunnicliffe et al. unpubl. data) . Adult Alvinocaris sp. M on NW Rota-1 were also observed feeding on dead pelagic shrimp and midwater fish killed by toxic hydrothermal plumes (Tunnicliffe et al. unpubl. data) . These authors suggest that such 'fish kills' may figure prominently in the hydrothermal vent food webs associated with active volcanic arcs.
Small Alvinocaris sp. M juveniles at NW Eifuku were generally the most isotopically depleted shrimp sampled in this study. A couple had clear planktonic signals (lipids and isotopes), but the ones more depleted in 13 C and 15 N had diets that could have included detritus, near-bottom particulate matter, and a form I RuBisCo bacterial mat, such as that sampled on NW Rota-1. Tunnicliffe et al. (unpubl. data) have suggested that the more peripheral habitats frequented by Alvinocaris sp. M favour bacteria with form I RuBisCo over those with form II. Although we did not sample it, mussel-derived material (pseudofaeces and mucous) could also feature in the diet of Alvinocaris sp. M at NW Eifuku; MAR alvinocaridids are thought to ingest such material (Pond et al. 1997a ). Bathymodiolid mussels are among the most depleted organisms in vent communities, with δ 13 C values ranging between -25 ‰ and -35 ‰ (Van Dover 2002) . The positive relationships between δ 13 C, δ 15 N and size in Alvinocaris sp. M > 22.3 mm could represent a switch to a more isotopically enriched food item, but probably not the form II RuBisCo chemoautotrophic bacteria implied for Opaepele loihi. Instead, this alternate food source could be other invertebrates and fish carcasses. This is in keeping with the opportunistic, scavenging feeding mode employed by A. markensis on the MAR (Pond et al. 1997b .
